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We perform a set of numerical experiments studying the interaction of Type I X-ray bursts
with thin, Shakura-Sunyaev type accretion discs. Careful observations of X-ray spectra dur-
ing such bursts have hinted at changes occurring in the inner regions of the disc. We now
clearly demonstrate a number of key effects that take place simultaneously, including: evi-
dence for weak, radiation-driven outflows along the surface of the disc; significant levels of
Poynting-Robertson (PR) drag, leading to enhanced accretion; and prominent heating in the
disc, which increases the height, while lowering the density and optical depth. The PR drag
causes the inner edge of the disc to retreat from the neutron star surface toward larger radii
and then recover on the timescale of the burst. We conclude that the rich interaction of an
X-ray burst with the surrounding disc provides a novel way to study the physics of accretion
onto compact objects.
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Thermonuclear explosions on the surface of neutron stars, commonly known as Type I X-ray
bursts, can be used to study the behavior of matter under extreme conditions1–3. Careful analysis
of the burst spectrum and luminosity may even provide constraints on the neutron star equation of
state1, 4–6, one of the most important unsolved problems in high-energy astrophysics. In addition,
it has recently been recognized that X-ray bursts are a potentially powerful probe of accretion
physics, as the intense release of radiative energy in the burst over a short timescale (seconds for
Type I bursts; hours for superbursts) could significantly impact the structure of both the disc and
corona7–9.
Observational evidence for the interaction of bursts with the accretion disc indicates a range
of behaviors that signal a strong dependence on the accretion flow geometry, even for sources in the
same spectral state. For example, several studies of bursts in the low/hard state10–12 detected both
a simultaneous rise in soft X-rays (owing to the burst itself) and drop in hard X-rays (attributed
to cooling of a geometrically thick corona). On the other hand, bursts from other sources in the
low/hard state produced reflection features in the X-ray spectra13–16, indicating the presence of an
optically thick inner disc.
Recently, we presented the first numerical simulation of an accretion disc subject to the
sudden, intense radiation field of an X-ray burst17. That simulation focused on a hot, geometrically-
thick disc, and found that strong Compton cooling of the accreting plasma by the burst photons
caused the disc temperature to drop by three orders of magnitude, the height to be reduced by one
order of magnitude, and the accretion rate to increase by a factor of a few. All of these changes
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are consistent with many of the observed behaviors of burst-disc interactions in the low/hard state,
though more work needs to be done to connect the simulations with observations. In the current
work, we explore the complimentary case of thin accretion discs (corresponding to a more rapidly
accreting system) interacting with an X-ray burst.
1 Results
Retreat of rin. Based on previous observations13, our expectation is that the inner edge of the disc,
rin, will retreat (move outward) as a result of the burst. To assess this in our simulations, we begin
with a measure of rin that depends only on the hydrodynamic properties of the disc18, specifically
the surface density profile, Σ(r). In Fig. 1, we present spacetime diagrams of Σ for simulations
without and with a Type I X-ray burst. A noticeable retreat of the disc away from the neutron
star is seen in all the simulations that include a burst, while no such movement is seen for the one
simulation without. Formally defining the inner edge of the accretion disc, rin, as the radius where
Σ(r) drops from a reference value of Σ0 = 2.56× 103 g cm−2 (8.45× 102 g cm−2 for the α = 0.1
simulation), by a factor of 3e, we can track the movement of rin over the course of the burst, as we
do in Fig. 2. While the simulation without a burst shows an initial slight decrease in rin, after which
the value plateaus, all the simulations with bursts show rin moving out by a few km and then back
in over the timescale of the burst. We will return to the question of how quickly the disc fills back
in and discuss mechanisms for this movement below. We also note that ∆rin is larger for our more
luminous burst (blue, dot-dashed curve) and for the higher α simulation (golden, dot-dot-dashed
curve).
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Since these simulations include radiation, we can make a more relevant estimate of the inner
radius of the disc by considering its effective optical depth, τe =
√
κaκs/2Σ (see the Methods
section for definitions of κa and κs). Spacetime diagrams of τe are shown in Fig. 3. Now defining
the inner edge of the accretion disc, rin, as the radius where τe(r) drops below unity, we can again
track the movement of rin over the course of the burst. This track (not shown) agrees fairly well
with the earlier results based on the disc surface density (Fig. 2). Again, the simulation without
a burst shows only a very modest decrease in rin, whereas the simulations with bursts show the
radius moving out by as much as 15-35% near the peak of the burst, depending on its luminosity.
Lastly, Fig. 3 shows that the X-ray bursts reduce the optical depth over the entire inner accretion
disc (not just the evacuated region) by an order of magnitude. This will have an important impact
on how the burst-disc interaction is observed, a point we will return to below.
Recovery of rin after the burst. One thing we notice from Fig. 2 is that the inner radius of
the disc adjusts on roughly the same timescale as the burst itself. This is true both for the phase
when the radius is moving outward (during the burst rise), but also during the phase when the
disc recovers and moves inward (during the burst decay). This tells us that whatever mechanism
causes rin to change, it must act on a timescale shorter than the typical Type I burst timescales
we are considering (∼ few s). Certainly the dynamical timescale, tdyn = 2pi/Ω ≈ 10−3 s, is
much shorter than this over the regions of the disc being considered, as is the thermal timescale,
tth = tdyn/α ≈ 10−2 s, while the viscous timescale, tvis = r2/ν = r2/(αH2Ω) ≈ 103 s, is
nominally much longer. This suggests that the disc does not have sufficient time to fill in viscously
as the burst declines; it must be rebounding dynamically or thermally or be governed by some
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other timescale.
Physical Cause of the Movement of rin. Earlier work7 had suggested three possible processes
that could trigger the migration of rin during a Type I X-ray burst: radiatively driven outflows,
inflow due to Poynting-Robertson (PR) drag, and structural changes due to X-ray heating. We
consider each of these in turn.
Outflows. We first look at the mass flux through each radial shell in the simulation domain for
simulations without and with bursts in the spacetime diagrams of Fig. 4. While the simulation
without a burst exhibits fairly constant mass inflow (light blue shades) at all radii over the duration
of the simulation, the L0 = 1038 erg s−1 and L0 = 3 × 1038 erg s−1 simulations transition from
steady mass inflow to a mix of strong inflow (deep blue) and outflow (dark red), whereas the
L0 = 10
38 erg s−1, α = 0.1 simulation mostly transitions to strong inflow. The strong inflows in the
burst simulations are driven by a combination of PR drag and disc heating, which will be discussed
in the following sections. The differences in the mass outflows comes from the convective stability
of each simulation. While the no-burst and L0 = 1038 erg s−1, α = 0.1 simulations remain stable
under the Schwarzschild criterion,
dT
dr
>
(
1− 1
Γ
)
T
P
dP
dr
, (1)
where Γ = 5/3 is the polytropic index, the L0 = 1038 erg s−1 and L0 = 3×1038 erg s−1 simulations
do not.
However, we can see in Fig. 5 that much of the “outflowing” mass in the L0 = 1038 erg s−1
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simulation (likewise for the L0 = 3× 1038 erg s−1 one) is located within the body of the disc. The
only organized, true outflows we find in these simulations are confined to narrow layers along the
top and bottom surfaces of the discs. These outflows are driven by the radiation pressure of the
burst and achieve median speeds of ≈ 0.03c. At these speeds, the matter is still formally bound
to the neutron star and will fall back unless there is additional acceleration at larger radii. It is
interesting that even in the case of the L0 = 3 × 1038 erg s−1 burst, which exceeds the Eddington
limit of the accretion disc (1.7× 1038 erg s−1), we do not find an appreciable outflow.
Poynting-Robertson drag. PR drag was seen to be significant in our previous thick-disc burst
simulation17 and appears to be present in the current thin-disc burst simulations, too. To illustrate
this, Fig. 6 plots the ratio of angular velocities for the simulation with the 3 × 1038 erg s−1 burst,
normalized by the one without. Like this case, all of the burst simulations show regions of sub-
Keplerian flow near the inner edge of the disc around the time of the burst peak, tpeak. This is
reasonable, considering that the timescale for angular momentum loss due to PR drag is19
tPR ∼ Σc
2
[ξL/(4pir2)]
, (2)
where ξ is a geometric factor of order max[dH/dr, RNS/r]. Near the inner edges of the thin discs
studied here, ξ ∼ 0.8, and so this timescale is tPR ∼ 0.25, 0.08, and 0.08 s for the L0 = 1038 erg
s−1, L0 = 3 × 1038 erg s−1, and L0 = 1038 erg s−1 (α = 0.1) simulations, respectively, which is
about an order of magnitude shorter than the timescale of the burst. Thus, we expect PR drag to
have sufficient time to act in the inner regions of the disc. In our previous thick disc simulations, the
surface density was roughly six orders of magnitude smaller, corresponding to a similar reduction
in the timescale for PR drag to act, explaining why this effect was noticeably stronger over a wider
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range of radii in those simulations.
The mass accretion rate associated with PR drag is19
M˙PR ' 1.9× 1017
(
Lburst
LEdd
)
g s−1 . (3)
This is indeed very close to the peak mass accretion rate we measure (see Fig. 7). This mass
accretion rate is not sustainable, though, as the inner part of the accretion disc is drained at a faster
rate than it is being refilled, so M˙ drops back down even before the burst peaks. Thus, the accretion
rate onto the star is briefly enhanced by a factor of∼ 10, and has a sustained increase of a factor of
a few. This behavior may explain similar increases in the accretion luminosities observed during
X-ray bursts14, 20–22. It is important to note that while PR drag can only affect the flow directly out
to roughly τe = 1, the change in mass accretion rate at the inner edge of the disc can be effectively
communicated throughout the rest of the disc by normal viscous torques.
X-ray heating. The heating of the disc by the burst is significant for these thin discs. The radiation
raises the density-weighted temperature by about half an order of magnitude over a wide range of
radii (Fig. 8). This is interesting, because for thick discs, the radiation has the opposite effect,
cooling the disc by orders of magnitude17. This makes sense, though, as the thin discs simulated
here have non-burst, equilibrium temperatures that are cooler than the effective radiation temper-
ature of the burst, whereas thick discs are initially much hotter17. In both cases, the disc is being
driven toward thermodynamic equilibrium with the ∼ 107 K burst radiation, mostly by Compton
scattering.
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Since our thin discs are gas-pressure supported, the heating also triggers a corresponding
increase in the scale heights of the discs (Fig. 9). At any given radius, the height increases by
almost a factor of two. According to standard thin disc theory, where
M˙ ∝ 3piαH2ΩΣ , (4)
a doubling of H (with Ω and Σ remaining roughly constant) should lead to a fourfold increase in
M˙ , which is, in fact, consistent with what we see at late times (Fig. 7). It is interesting to note that
the temperature, height, and mass accretion rates have not recovered to their pre-burst values by
the end of the simulations despite the simulations lasting many thermal timescales.
Because of the Kramer’s style opacity we use, the rise in disc temperature and drop in density
lead directly to a drop in the absorption opacity, which likewise leads to a drop in the effective
optical depth, as seen in Fig. 3. Here we are focused on the drop in optical depth beyond rin, i.e.
in the body of the disc. The movement of rin is owing to other effects, primarily PR drag.
2 Discussion
In this paper, we have considered the impact of Type-I X-ray bursts on surrounding thin accretion
discs. Our simulations have produced a number of remarkable results:
(i) An order of magnitude drop in the effective optical depth of the disc.
(ii) Weak outflows along the surface of the disc.
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(iii) Measurable Poynting-Robertson drag.
(iv) Half an order of magnitude increase in the average disc temperature.
(v) A factor of 2 increase in the disc height.
(vi) More than an order of magnitude increase in M˙ , initially driven by PR drag in the inner
parts of the disc, tapering off to a factor of 4 enhancement over a broad range of radii due to the
change in height of the disc.
Most remarkable, and consistent with observational evidence13–15, we found that the inner
radius of the disc moves away from the neutron star on the timescale of the burst. In our sim-
ulations, this was caused mostly by Poynting-Robertson-driven accretion, while other effects we
considered, such as radiation-driven outflows, appeared to be negligible. Structural changes due to
radiative heating of the disc were also observed, leading to the increase in height and decrease in
optical depth mentioned above.
It is noteworthy that by all our measures, the inner edge of the accretion disc recovers (moves
back in toward the neutron star) on roughly the same timescale as the decay of the burst. Since
the viscous timescale is much longer than the burst timescale in these simulations, it would seem
we can rule out the disc recovering via viscous replacement of lost material. Instead, the PR drag
timescale, equation (2), fits best with our results.
These are the first multi-dimensional, radiation hydrodynamic simulations of the interaction
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of Type I X-ray bursts with thin accretion discs, greatly improving on earlier one-dimensional
treatments23. While there are still many improvements that can be made to the simulations, the
physical mechanisms that lead to our main results appear robust.
It may be possible in the future to combine such simulations with careful observations of
bursts to constrain the properties of neutron star accretion discs, such as the viscosity parameter
α. Observationally, the interaction of an X-ray burst with a surrounding disc is most easily stud-
ied over the longer timescale of a superburst. However, our simulations are currently limited in
duration to something more typical of a normal Type I burst (∼ 10 s).
Besides a longer burst, our results already show us that we can get a larger ∆rin whenever
the luminosity is higher or the surface density is lower. This was the purpose of the α = 0.1
simulation, since a larger α leads to a smaller Σ for gas-pressure-dominated, Shakura-Sunyaev
discs. The factor of 3 decrease in Σ between the L0 = 1038 erg s−1, α = 0.025 and α = 0.1
simulations produced a factor of 1.7 increase in ∆rin. A smaller Σ could also come from a lower
mass accretion rate (assuming we are on the stable, gas-pressure-dominated branch of the Shakura-
Sunyaev solution).
Future work will focus on the observational consequences of the predicted behavior. The
illumination of the disc by the burst will cause X-ray reflection features24 that can be used to track
the changes to the disc geometry13, 15. Interestingly, the simulations show that X-ray heating causes
an order of magnitude drop in the optical depth of the inner disc during the burst (Fig. 3), which
will reduce the reflection signal coming from the inner disc. As a result, despite the presence of the
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inner accretion disc, reflection features from the outer disc may dominate during a burst, as seen
during the 4U 1820-30 superburst13. Tracing the evolution of the disc reflection signal during an
X-ray burst by a high-throughput spectral observatory such as NICER or, in the future, eXTP25 and
STROBE-X26, has the potential to resolve changes in the disc structure, elucidating key properties
of accretion flows.
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Methods
The simulations use the Cosmos++ computational astrophysics code27–29 to numerically evolve the
equations of general relativistic radiative, viscous hydrodynamics30. We use the Kerr metric, with
mass M = 1.45M and spin parameter a = 0, to describe the spacetime exterior to the neutron
star. This is something that should be explored further in future work, as PR drag is known to be a
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Figure 1: Spacetime diagrams of the surface density. Left: from the simulation without a burst;
and Right: from the simulation with a burst of 3 × 1038 erg s−1 showing a precipitous drop in the
surface density on the timescale of the burst. Note that the simulation duration is different in the
two panels.
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Figure 2: Track of the inner radius of the accretion disc. rin, defined as where Σ(r) = Σ0/3e, as
a function of time for all four simulations. While the no-burst simulation exhibits a nearly constant
rin, the three burst simulations show a retreat of rin on the timescale of the burst, followed by a
recovery on a similar timescale.
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Figure 3: Spacetime diagrams of the effective optical depth. τe(r, t) =
√
κaκs/2Σ Left: from
the simulation without a burst; and Right: from the simulation with a burst of 3 × 1038 erg s−1.
The burst disc becomes optically thinner everywhere and transparent in its inner regions.
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Figure 4: Spacetime diagrams of the mass flux. M˙ through each radial shell Left: from the
simulation without a burst; and Right: from the simulation with a burst of 3× 1038 erg s−1. While
the no-burst simulation shows steady, modest accretion at all radii, the burst simulation exhibits
rapid radial motion of gas both inward and outward.
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Figure 5: Pseudocolor plot of the mass flux in the meridional plane with streamlines of the
velocity field. This plot is for the 1038 erg s−1 (α = 0.025) burst simulation, and data are averaged
over the 0.5 s nearest the burst peak. Red colors correspond to outflowing material, while blue
corresponds to inflowing.
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Figure 6: Demonstration of Poynting-Robertson drag. This spacetime diagram shows the ratio
between the density-weighted orbital angular frequency for the L0 = 3 × 1038 erg s−1 simulation
and the simulation without a Type I X-ray burst. Values of this ratio below 1 suggest some process
is extracting angular momentum from the burst simulation.
significant function of spin23 and accreting neutron stars may have dimensionless spins as high as
0.3 31.
For the radiation, we employ a covariant formulation of theM1 closure scheme29, 32, 33. In
this work, we assume Kramers-type, gray opacity laws. Thus, the burst spectral energy distribution
is not taken into account. Since free-free absorption is the most relevant atomic absorption process,
the appropriate Planck and Rosseland means (for solar metallicity and a hydrogen mass fraction
of X = 0.7) are κaP = 6.4 × 1022T−7/2K ρcgs cm2 g−1 and κaR = 1.6 × 1021T−7/2K ρcgs cm2 g−1 34,
respectively, where TK is the ideal gas temperature of the fluid in Kelvin and ρcgs is the density in
g cm−3. In this work, we assume the flux mean, κaF, is the same as the Rosseland mean and the J-
mean, κaJ, is the same as the Planck mean. We include a Compton-scattering correction, 4κ
s(Tgas−
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Trad)/me, and use a constant electron scattering opacity, κs = 0.2(1+X) = 0.34 cm2 g−1. Further,
we assume that the electron-ion equilibration time is sufficiently short for the electrons to be at the
same temperature as the ions.
Following standard disc theory, the shear viscosity coefficient is calculated as
µ = νρ = αρcsH , (5)
where cs is the thermal sound speed (including both gas and radiation contributions), H is the
disc height, and α is the Shakura-Sunyaev viscosity parameter. In this work, α is assumed to be
a constant, while cs and H are evaluated from local conditions within the fluid, except that H is
limited to < 0.1r to prevent having very high viscosity in the background gas where V φ fluctuates
considerably. For most simulations, we choose α = 0.025, though for one simulation we consider
α = 0.1 in order to study the effects of the larger viscosity.
Through viscous heating and radiative cooling, the thermodynamics and radiative luminosity
of the disc are accounted for self-consistently within the simulations. We further include radiation
coming from the surface of the neutron star by including a variable flux at the inner radial boundary
of our simulation domain. This flux is composed of radiation owing to accretion of matter onto the
surface of the neutron star and (when appropriate) to radiation from a Type I X-ray burst on the
surface. For the accretion luminosity, we assumeLsurf = 0.14M˙c2 (corresponding to the additional
potential energy lost as material falls from the inner edge of the disc to the surface of the neutron
star35), where
M˙ = 2pi
∫ pi
0
√−gρurdθ , (6)
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g is the determinant of the curvature metric, and ur is the radial component of the fluid 4-velocity.
Since most Type I X-ray bursts exhibit a fast rise followed by a slower decay, similar in shape
to many gamma-ray burst (GRB) pulse profiles, we model the burst luminosity, Lburst, using the
so-called Norris model from the GRB community36:
Lburst(t) = L0e
2(τ1/τ2)1/2e
−τ1
t−ts−
t−ts
τ2 , (7)
where L0 is the peak burst luminosity, ts is the burst start time, and τ1 and τ2 characterize the burst
rise and decay. In this work we choose ts = −0.4 s, τ1 = 6 s, and τ2 = 1 s and consider two values
of L0 (1038 and 3× 1038 erg s−1 or 0.59LEdd and 1.76LEdd, respectively, where LEdd = 1.7× 1038
erg s−1). These choices produce bursts that peak at a simulation time of t = 2.05s, last for 10s,
and have total energy outputs of 3 and 9 × 1038 erg, respectively. Profiles for each of our bursts
are illustrated in Fig. 10. Each of our simulations follows > 2 s of the burst, ensuring that the
peak of the lightcurve is captured by the calculations. In addition, the 1038 erg s−1, α = 0.025
burst is followed for > 4 s in order to measure changes in the disc during the burst tail. Note that
even though we consider one case of a super-Eddington burst, we do not include the effects of the
expansion of the neutron star photosphere that is expected to accompany this case. This will be a
priority in future simulations.
To initialize the discs, we start from the relativistic generalization of the Shakura-Sunyaev
thin disc solution37, 38. As we are only considering a limited radial range, and to avoid any ther-
mal or other instabilities30, we only consider the gas-pressure-dominated regime (appropriate for
M˙c2/LEdd . 0.02). We also include a small radial drift velocity, V r(r) 39.
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For the initial vertical profile, we solve for the vertical hydrostatic equilibrium, assuming an
isothermal disc:
ρ(r, z) = ρ0e
−z2/2H2 (8)
and
Ptot(r, z) =
GMH2
r3
ρ(r, z) . (9)
Assuming the gas and radiation are in local thermodynamic equilibrium for the initial, analytic
solution, we partition the pressure according to
Ptot = Pgas + Prad =
kbρTgas
m¯
+
1
3
aRT
4
gas , (10)
where m¯ = 0.615mH and aR = 4σ/c is the radiation constant. We can now solve for Tgas(r, z).
The initial azimuthal velocity is taken to be Keplerian, V φ(r) = ΩK. Note that we neglect addi-
tional corrections to the Novikov-Thorne solution39, but since we are just using these conditions
to initialize our simulations, this should not matter too much. For the background, we initialize a
cold (gas internal energy density, e = 10−4emaxr−5/2), low density (ρ = 10−6ρmaxr−3/2) fluid with
velocity ur = −(rs/r)1/2 where rs is the Schwarzschild radius. The temperature found above is
also used to set the radiation field. In the frame of the fluid, the initial radiation energy density is
Erad = aRT
4
gas , (11)
while the flux, F i, is set equal to the gradient of this quantity. Note that we assume the surface
and burst radiation fields are isotropic. A limitation of theM1 closure is that the flux moves in a
single direction. For the burst radiation, this is radially away from the star. Thus, we are neglecting
effects related to scattering in the neutron star atmosphere, which would increase the intensity
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incident upon the disc by a factor of order (1 + 2.06µ) 40, 41, where µ is the cosine of the angle
between the normal to the atmosphere and the direction of radiation. As a consequence, we are
underestimating the effect of PR drag by a similar factor.
The simulations are 2.5 dimensional (azimuthal velocity and flux components are retained
and evolved), axisymmetric, and cover a radial range from rmin = 10.7 km to rmax = 352 km,
with exponential spacing. The assumption of axisymmetry is needed to keep the computational
cost reasonable, though there are observations of bursts with modulations in their tails suggestive
of non-axisymmetric effects42. We use “outflow” boundaries at both the inner and outer radial
boundaries, which effectively means we are assuming any boundary layer effects related to the
neutron star surface happen inside rmin. The full range of θ is covered with a latitude coordinate,
x2, related to θ by θ = x2 + 0.45 sin(2x2), which concentrates resolution toward the midplane.
Two layers of static mesh refinement further enhance the resolution in the region of interest. The
base resolution is 962, with the additional layers of refinement covering the region rmin ≤ r ≤ 64
km and 0.35pi ≤ x2 ≤ 0.65pi (84◦ ≤ θ ≤ 96◦) for an effective peak resolution of 3842 over the
disc.
Data Availability The source data required to reproduce all figures, except Fig. 5 and Fig. 10, are provided
in the Source Data. The raw simulation data is available from the corresponding author upon reasonable
request.
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Figure 7: M˙ onto the neutron star. Left: Moving average of the mass accretion rate, M˙ , measured
near the inner radial boundary of the simulation domain for all four simulations. Right: Plot of the
ratio of burst accretion rates to the non-burst rate. All burst simulations show sustained, enhanced
accretion.
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Figure 8: Spacetime diagrams of the mass-weighted, shell-averaged gas temperature. Left:
from the simulation without a burst; and Right: from the simulation with a burst of 3 × 1038
erg s−1. The burst causes significant heating over a wide radial range in the disc.
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Figure 9: Spacetime diagrams of the mass-weighted, shell-averaged disc height. Left: from
the simulation without a burst; and Right: from the simulation with a burst of 3 × 1038 erg s−1.
Sustained heating of the disc by the burst causes the disc height to increase over the timescale of
the burst.
0 2 4 6 8 10
t [s]
0.0
0.5
1.0
1.5
2.0
2.5
3.0
L
b
u
rs
t
[1
0
3
8
er
g
s
1
]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
L
b
u
rs
t/
L
E
d
d
Figure 10: Burst profiles. Plots of the two different burst profiles used in this work, showing
exponential rise followed by exponential decay.
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